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adhesion assay as well as class I/peptide tetramers
The MHC specificities of the closely related Ly49C to provide a comprehensive analysis of specificities and Ly49I receptors (Brennan et al., 1996a) were initially of Ly49 receptors for class I MHC molecules in eight studied in bone marrow graft rejection experiments. It MHC haplotypes. Different Ly49 receptors exhibited was concluded that Ly49C and/or Ly49I recognize the diverse binding properties. The degree of class I bind-K b molecule (Yu et al., 1996) . Cell adhesion experiments ing was related to the extent of functional inhibition.
with Ly49C-and Ly49I-transfected COS-7 cells and The tetramer studies demonstrated that neither glyco-MHC disparate tumor cell lines have demonstrated that sylation nor coreceptors were necessary for class I Ly49C binds to H-2
Introduction class I molecule (George et al., 1999; Nakamura et al., 1999) , but no binding data has been reported.
Recognition of MHC class I molecules on target cells is
Evidence indicates that Ly49A interacts with the 2 a key event in the regulation of NK cell activity. Class domain of D d (Daniels et al., 1994a ; Sundbä ck et al., I-specific inhibitory receptors expressed on the surface 1998), with possible contributions from the 1 domain of NK cells prevent them from lysing target cells ex- (Matsumoto et al., 1998) . The functional binding of Ly49A pressing a cognate class I ligand. Consequently, cells to D d showed no peptide specificity, since a variety of peptides that stabilize D d expression on target cells pro- 6 To whom correspondence should be addressed (e-mail: raulet@ tect these from lysis by Ly49A NK cells (Correa and uclink4.berkeley.edu) . Orihuela et al., 1996) . Ly49A and Ly49C to bind the sulfated glycan fucoidan (Daniels et al., 1994b; . Class I molecules on target cells treated with glycosylation inhibitors or glycosidases reportedly failed to inhibit NK cells (Daniels et al., 1994b; . However, mutation of the N-glycosylation acceptor sites in D d did not reduce inhibitory NK cell recognition in one study (Matsumoto et al., 1998) and reduced it only partially in another (Lian et al., 1998) . Thus, the role of class I-linked glycans in Ly49 interactions is not fully resolved.
Ly49 receptors are expressed on partially overlapping subpopulations of NK cells (reviewed in . The missing self hypothesis proposes that NK cells should be inhibited by the few self-class I molecules inherited by each individual. It is believed that "education" processes ensure that many or all functional NK cells express self-class I specific receptors (Hoglund et al., 1997; . A direct assessment of whether each NK cell expresses at least one self-class I-specific receptor will require knowledge of which Ly49 receptors interact with which MHC ligands. Such information may also aid in elucidating the features of class I molecules that are recognized by Ly49 receptors. To date, the specificities of only a few Ly49 receptors have been examined and only for a few MHC haplotypes. Here, we employ two binding assays and a functional assay to examine the specificities of the panel of inhibitory Ly49 receptors for eight MHC haplotypes.
Results

MHC Allele Specificities of Inhibitory Ly49 Molecules
We initially employed a semiquantitative cell adhesion assay to investigate Ly49 specificity. Ly49-transfected sive properties among unrelated tumor cell lines.
(B) COS-7 cells transfected with HA-tagged Ly49A, Ly49B, Ly49E, or control cDNA were stained with anti-HA (filled curve) or an isotype All Ly49 members were expressed at high levels on control mAb (open curve) and donkey anti-MIg-PE. the surface of transfected COS-7 cells. The equivalently strong staining intensity of Ly49C, Ly49F, and Ly49I transfectants with the Ly49C, -F, -I, and -H reactive mAb I-deficient blasts from comparison strains that were homozygous for a mutation in the 2 microglobulin (2m) 14B11 (Corral et al., 1999) indicates that these molecules were expressed at comparable levels ( Figure 1A Table  1 ; data not shown). In contrast, deficiency of class II and Ly49I transfectants also stained equivalently with the Ly49C-and Ly49I-reactive mAb 5E6 (data not molecules had no effect in the assay (in the case of H-2 b [data not shown]). shown). Similarly, Ly49A transfectants stained strongly with mAb JR9-318, Ly49G2 transfectants with mAb
In accordance with previous data (Daniels et al., 1994a; Brennan et al., 1996b) , Ly49A transfectants 4D11, and Ly49D transfectants with mAb 4E5 ( Figure  1A ). Since no Ly49B-or Ly49E-reactive mAbs are availbound strongly to Con A blasts of the H-2 d and H-2 k but not the H-2 b haplotype. In eight independent experiable, hemagglutinin (HA) epitope tags were added to the C termini of these molecules, and surface expression ments, binding of Ly49A to H-2 d was consistently higher (about 1.8-fold) than binding to H-2 k (Figure 2 ; data not was monitored with anti-HA mAb. Control experiments with Ly49A showed that the HA tags did not affect the shown). In contrast to a previous report (Brennan et al., 1996b) , Ly49A transfectants bound significantly to H-2 s extent of binding in the cell-cell adhesion assay. Ly49B and Ly49E were expressed to a similar degree as the cells, albeit weakly. Interestingly, Ly49A transfectants also bound Con A blasts of all other haplotypes tested, control-tagged Ly49A ( Figure 1B) .
We readily observed specific binding of most Ly49 i.e., H-2 f,q,r,v
. The results indicate that Ly49A exhibits a broad and often strong MHC reactivity. transfectants to Con A blasts from one or more of the B10 MHC congenic mice tested (Figure 2 interaction was not detected in a previous binding study Ly49F, also similar in sequence to Ly49C and Ly49I, bound weakly but consistently to MHC molecules of the (Takei et al., 1997 , 1996b) and extend the MHC specificity of Ly49C to new class I alleles. The closely related Ly49I tants was blocked by mAb 14B11 (Table 1) . Isotype control mAbs had no effect (data not shown). molecule reacted with H-2 r cells to a similar extent as Ly49C. However, Ly49I bound all other MHC haplotypes more weakly than did Ly49C and failed to bind H-2 f cells
MHC Locus Specificities of Inhibitory Ly49 Molecules
For more detailed analysis of MHC specificities, Con A at all. A previous study failed to detect Ly49I binding to MHC molecules (Takei et al., 1997) .
blasts from MHC recombinant mice were used in the Data represents mean binding index SEM of three to six independent semiquantitative adhesion experiments with the indicated COS-7 transfectants and Con A blasts from the listed strains. The index was calculated in reference to COS-7 cells transfected with an inverted Ly49G2 cDNA.
1 The H-2 designations refer to allelic variants at K, D, and L. The hyphen means that no L product is made in this strain. 2 Anti-Ly49 mAbs used for blocking (50 g/ml) were A1 (anti-Ly49A), 14B11 (anti-Ly49C,F,I), and 4D11 (anti-Ly49G2). Anti-class I mAbs were 34-5-8S , 1996a) . The use of T cells also has the important for Ly49G2, in contrast to a report that questioned this advantage that very few of these cells express additional assignment (Takei et al., 1997) . The complete blockade endogenously encoded Ly49 receptors that might conwith anti-D d mAb suggests that L d is not an effective found the specificity analysis. We therefore employed ligand for Ly49G2, in contrast to a previous study sugLy49A transgenic mice (Held et al., 1996a ) and a new gesting that both molecules are ligands (Mason et al., Ly49G2 transgenic line as a source of T cells to examine 1995). Since Ly49G2 bound significantly only to D d MHC specificity. Similar to the Ly49A transgene, the among eight haplotypes tested, this receptor exhibits a Ly49G2 transgene was expressed on all T cells at homovery high degree of selectivity in MHC binding.
geneously high levels ( Figure 4A ). T cells from transgenic The binding of Ly49C and Ly49I transfectants to H-2 b or nontransgenic littermates on the B6 (H-2 b ) backCon A blasts was completely blocked with a specific ground were used as responder cells with spleen cells anti-K b mAb, confirming that K b is essential for both of from MHC congenic mice as allogeneic stimulator cells. these interactions (Table 1; Brennan et al., 1996b) . This
The relative inhibition of T cell proliferation by the conclusion was strongly supported by analysis of bindLy49A transgene corresponded quite well with the class ing of Con A blasts from mice with targeted mutations I avidity of Ly49A as determined by the adhesion assay in K b , D b , or both (Perarnau et al., 1999) . Cells with the ( Figure 4) . Inhibition was most prominent with H-2 d stim-K b mutation failed to bind to either Ly49C-or Ly49I-ulator cells and least prominent with H-2 s stimulator transfected cells ( Figure 3A) ) were generated in bacteria and are tory class I molecules, was minimal in the case of both not glycosylated, the results indicate that N-glycosylaLy49A and Ly49G2 transgenic responder cells. Thus, tion of class I molecules is not required for Ly49 binding. the receptors do not cause significant inhibition in the As expected, Ly49A transfectants stained specifically absence of class I ligands. Taken together, these results with D d and D k tetramers but not with the other six tetrademonstrate a clear relationship between the class I mers. The binding of D k tetramers corroborates the gemolecules that bind in the cell-cell adhesion assay and netic evidence for this interaction , and IL-2-activated NK cells expressing transgenic Ly49A are H-2 s gene products (Daniels et al., 1994a; Kane, 1994 ; inhibited by Con A blasts from mice of several different Brennan et al., 1996b) . MHC interactions with Ly49G2 MHC haplotypes (data not shown). The weak binding and Ly49I have been inferred from functional studies of Ly49G2 to D d also resulted in significant functional (Mason et al., 1995; Yu et al., 1996) but have been quesinhibition in the T cell assay. The inhibition was relatively tioned based on binding studies (Takei et al., 1997 , 1998) . The cell-cell adhesion data also show ple Ly49 receptors, even the weak binding interactions that Ly49A and Ly49C bind strongly to a variety of addiwe observe in the case of individual Ly49 receptors are tional MHC class I alleles, suggesting that common likely to combine to produce a stronger inhibitory effect. structural motifs define the class I specificities of these Therefore, although we have not documented functional molecules (Figures 2-4 ; Table 1 ). In addition, evidence effects for all the binding events observed in the cell-cell from the binding assay ( Figure 3B ) argues that allelic adhesion assay, they probably play physiologically sigdifferences between Ly49C receptors do not contribute nificant roles in the overall inhibitory interaction. significantly to differences in class I specificity. More
The binding data provide potential explanations for importantly, we report instances of MHC binding by two previous observations. Of the seven well-characterLy49I and Ly49F (Figures 2-4 (Held et al., 1996b) , is very similar in sequence to other MHC-reactive Ly49 even though it might be expected that cells expressing receptors (Ly49C, Ly49I, and Ly49F), suggesting a role H-2 d -specific (i.e., self-specific) receptors, as a group, in MHC recognition. Indeed, we observed very weak would be more frequent in H-2 d mice. Mathematical binding of Ly49E to H-2 r molecules in some experiments modeling of proposed NK cell "education" processes ( Figure 2 ; data not shown). Ly49B, on the other hand, led to the prediction that the observed decrease in the is unique in displaying by far the least homology to the frequency of cells expressing any one H-2 d -specific reother Ly49 family members (Wong et al., 1991) , raising ceptor in H-2 d mice would result under two conditions the possibility that it has a distinct function or specificity. . First, there must exist mechaIn the cases of Ly49A and Ly49G2, we provide evinisms to disfavor the coexpression of multiple self-class dence that the extent of binding observed in the cell-cell I-specific receptors by NK cells. This premise was supadhesion assay correlates with the extent of functional ported by the finding that expression of a Ly49A transgene in all developing NK cells of H-2 d mice clearly inhibition (Figure 4) . By performing the assays with T inhibits the expression of a second H-2 d -specific recepa specific peptide bound to D b ( Figure 5A ; data not shown). The possibility must therefore be considered tor, Ly49G2 . Second, H-2 d -specific receptor genes must be significantly more common that the tetrameric D b molecules produced in bacteria can in some cases exhibit different binding properties than H-2 b -specific receptor genes in the germline receptor set . The present data supthan D b expressed in mammalian cells. One possibility is that the absence of glycans on the bacterially proport the latter prediction.
The demonstration that class Ia tetramers bind to Ly49 duced D b reveals an epitope for Ly49C. Thus far, however, we have been unable to enhance binding of Ly49C receptors indicates that caution must be applied when using these reagents to detect specific T cell receptors, transfectants to K b/ cells by treating the latter cells with glycosidase (data not shown). It is also conceivable since the reagents may instead be detecting Ly49 receptors expressed on T cells . The that the use of human 2m instead of mouse 2m in these tetramers could account for the unexpected bindtetramer results have several implications concerning the nature of the Ly49-class I interaction. First, they go ing behavior. Another apparently anomalous finding in the tetramer farther than previous studies in providing direct evidence for a physical interaction between class I molestudies was that D (Lian et al., 1998; Matsumoto et al., 1998) . The tetramer data do not, however, rule out the possibility that interacsharply at a threshold Ly49 receptor density, consistent with the multivalent binding requirements expected of tion of Ly49 receptors with class I-linked glycans might alter the affinity or specificity of the interaction.
tetramers. Variations in affinity and in the levels of different Ly49 receptors on transfected cells could therefore The third significance of the tetramer binding studies concerns the role of MHC-bound peptides in the interacexplain why some class I-Ly49 interactions cannot be detected in our tetramer assays. (Correa and Raulet, 1995; Orihuela et al., 1996) . Along the same lines, the new data presented here indiplanation is plausible in light of the finding that Ly49I discriminates K d tetramers complexed with different cate that Ly49C exhibits little, if any, capacity to discriminate peptides bound to K d (Figure 6 ) or D b ( Figure 5; peptides. An additional conclusion of our study was that the data not shown). Ly49I, however, reacted with only two of the five K d -peptide complexes tested. The three comLy49C proteins encoded by B6 and BALB strains, which differ in four amino acids, are indistinguishable in MHC plexes that did not bind to Ly49I bound well to Ly49C, demonstrating their integrity. These complexes showed specificity in the cell adhesion assay. Supporting this finding, Ly46C B6 and Ly49C BALB also reacted equally with essentially no reactivity with Ly49I-transfected cells, suggesting an appreciable reduction in the affinity comsoluble MHC class I/peptide tetramers of the H-2 b,d,k haplotypes (data not shown). Based on functional studpared to Ly49I binding to the other two K d /peptide tetramers. The peptides that were compatible with Ly49 ies, the possibility had been raised that these proteins differ in specificity (Yu et al., 1996) , but it now appears binding included a viral peptide (influenza HA 204 ) and a self-peptide (JAK1 55 ), indicating no general theme in the that there must be another explanation for the functional results (George et al., 1997) . origin of active peptides. It remains to be determined whether the discrimination of peptides by Ly49I obFinally, no interaction of Ly49D with D d -expressing cells was detectable in our cell-cell adhesion studies, served with tetramers also holds in functional tests and whether the peptide residues actually provide binding despite the functional evidence for this interaction. Furthermore, the D d tetramers failed to detectably stain energy to the interaction or, alternatively, sterically impede the interaction.
Ly49D-transfected COS-7 cells (data not shown). The data raise the possibility that the D d -Ly49D interaction is A surprising finding was that D b -tetramers efficiently stained Ly49C-transfected cells ( Figure 5A ). No appreweaker than some of the inhibitory interactions studied here. However, the possibility remains that the poor ciable binding of Ly49C to D b could be detected in the cell-cell adhesion assay by antibody blocking or by embinding reflects a somewhat lower level of Ly49D on transfected cells than the levels of the inhibitory recepploying cells from K b/ mice that express D b normally (Figures 3 and 4) . Furthermore, previous functional (Yu tors, perhaps due to the requirement for association with cotransfected DAP12, or that Ly49D is more peptide et al., 1996) and binding (Brennan et al., 1996b ) studies have failed to detect an interaction between Ly49C and or glycan specific than the inhibitory receptors. Ly49H-transfectants also failed to bind to class I molecules in D b . D b tetramers containing two distinct peptides stained Ly49C transfectants, arguing against the possibility that either the cell-cell adhesion assay or the tetramer studies (data not shown). However, the significance of these the failure to bind D b on cells reflects a requirement for cell suspensions were cultured at 2 10 6 /ml with 2.5 g/ml concadata is suspect, because the level of Ly49H on transfecnavalin A (Con A). At day 1, they were pulsed with 2.5 Ci/ml
